AbsIracf -Correct time and frequency synchronization is important for the performance of orthogonal frequency division multiplex (OFDM) systems. We evaluate a system where a pseudo noise .sequence (PN-sequence) is used for estimation of these synchronization parameters. The PN-sequence is superimposed on the OFDM signal. The system is evaluated by means of the variance of the frequency estimation error and the prohability for correct timing synchronization. Both theoretical and simulated results are presented. The proposed technique is very flexible and works also at low signal to noise ratios. The frequency offset range has been significantly increased compared to conventional OFDM synchronizer schemes.
I. INTRODUCTION
Time and frequency synchronization are two important issues for the performance of orthogonal frequency division multiplex (OFDM) systems. Correct frequency synchronization is crucial in order to preserve orthogonality of the subchannels. Tirriing synchronization is necessary in order to locate the cyclic prefix and identify the start of new packets or frames. Often the synchronization process is divided into two parts, acquisition and tracking. Burst transmission acquisition includes a continuous search for new packets, finding the beginning of the symbols as well as the packets and making a coarse frequency estimate so that demodulation can be performed. For continuous transmission, acquisition means finding the start of symbols and frames and making a coarse frequency estimate. In tracking mode the synchronization parameters are continuously updated to keep the performance of the demodulator as good as possible under changing conditions.
Existing algorithms are often based on correlation of either a repeated [1][2][3] or a known [4]
[5] symbol. A correlation peak is achieved when the timing is correct and then the frequency offset estimate is achieved by the phase shift between certain samples. The distance between these samples determines the frequency offset range. When, e.g., the cyclic prefix is used as a repeated symbol the frequency offset range is limited to half the sub-channel spacing. This paper presents a new method for acquisition and (racking of OFDM synchronization parameters, which is based on a continuous transmission of a pseudo noise (PN) sequence. Similar techniques has previously been proposed for synchronization of single carrier systems [6] and for frame ET. thanks The Royal Swedish Academy of Sciences for providing financial support and Dr, Shousheng He for motivating this work. synchronization in OFDM systems [7] . In this paper we propose and investigate a system for frequency and timing synchronization, including both symbol and frame synchronization. The system can cope with very large offsets, up to half the OFDM bandwidth, and gives the frequency estimate in one step. The synchronization signal has a sharp peak and is independent of the OFDM parameters used. It can he used for any length of the cyclic prefix and does not increase the transmitted bandwidth.
SPREAD SPECTRUM PILOT TECHNIQUE
The estimation of synchronization parameters is based on transmission of a PN-sequence which is superimposed on the OFDM information signal. The chip time of the PN-sequence is equal to or double the sample time in the OFDM system, depending on spectrum and sampling requirements. The sequences are synchronous and transmitted in the same hand. Fig. 1 shows a block description of how the transmitted signal is generated. During acquisition the PN-sequence is sent without transmission of the information signal. After one or more PN-symbols, when the correct timing and carrier frequency have been found, the transmission of the information signal starts and the receiver enters the tracking mode, see Fig. 2 . In tracking mode the amplitude of the PN-sequence can be chosen so that the distortion of the information symbol is small.
The amplitude of the PN-sequence can he adjusted to a specific application and the synchronization scheme works for low signal to noise ratios. It is desirable to use a code length equal to or a multiple of the OFDM symbol length (including the cyclic prefix) so that correlation peaks occur at the symbol boundaries. For frame synchronization it is sometimes advantageous to use a Iona code. for the code sequence and ( I -p ) o~/ ( p o~i o~) for the data sequence. In acquisition mode, only the code sequence is sent and the code power ratio p equals one. In tracking mode a low code power ratio is then used in order to minimize the impact on data transmission. The despread signals are summed in groups of K samples to get a so ,called sub-correlation. The synchronization signal, y [ k , a ] , for a given slip, a, is then achieved as the sum of L products between sub-correlations spaced KP samples apart (P is the delay in number of correlator lengths),
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Time synchronization is given hy the absolute value of this signal whereas the frequency offset estimate is given by the phase. The synchronizer structure is given in . Fig. 3 . This scheme can be seen as a modification of the schemes in [4] 116 Here, the length of the sub-correlators is K instead of 1 as in 151, and the differential detectors work on the sub-correlator outputs instead of the correlator outputs as in [4] .
IV. RMING ESTIMATOR PERFORMANCE
In this section we analyze the distribution of the timing metric in an AWGN channel. Firstly we analyze the case when the timing is correct and later when it is wrong. The calculations are quite tedious and therefore we just summarize the results and verify them by means of simulations. Often it is desirable to have a signal which is independent of receivFd power. By normalizing y as
we get a timing metric with a mean close to one when the timing is correct and just above zero when it is wrong.
A. Correct Timing
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When the timing is correct, a=O, the distribution of the timing metric can be analyzed in a similar way as in 131. The frequency offset entails that the chips are not added totally in phase in the sub-correlator, which leads to an energy reduction. We assume that no IS1 is present izing the sub-correlator signal by normalized output, q [ k , 01, where 141
All differential products then add coherently since they have nearly the same phase. For medium and high SNR:s, the contribution from the noise vector perpendicular to the signal vector can be neglected. If we consider the data signal as Gaussian, or if K is large, lh[k, 011 can be approximated as a Gaussian variable with mean proposed technique will therefore give better performance, also when only used as a preamble in acquisition mode.
val SI2 samples.
v. FREQUENCY ESTIMATOR PERFORMANCE
The frequency estimator structure is the same both in tracking and acquisition mode, but a two step procedure can be used in order to enhance the performance. In acquisition mode the sub-correlator length, K, and the number of delay elements, 8 are chosen according to the maximum expected frequency offset. In tracking mode, initial compensation has already been made and therefore larger K and P can be used to decrease the variance of the frequency estimation error. The phase increment method used gives a (nearly) unbiased frequency estimate of a complex exponential in white noise [SI and can cope with frequency offsets which are upper bounded by lecl < M / ( P K ) . The normalized frequency estimate when the timing is known is given by
The frequency offset estimators in [I] 
Strictly speaking this is only valid for zero frequency offset, hut simulations indicate [8] that it is a good approximation for other frequency offsets as well. An interesting property to note is that the same minimum variance can he achieved for different sub-correlator lengths as long as the number of delay elements are chosen properly. respectively. Due to the flat region we can conclude that the performance is determined by the frequency offset for which the estimator is designed and that a worst case design has to he made. For large frequency offsets a two mode approach can he used to decrease the variance. First the parameters are adjusted for the worst case scenario and after a first coarse estimate has been made and corrected longer sub-correlators and larger delay can he used. As a rule of thumb the normalized frequency error must not exceed a few percent, see e.g.
[2] [9] . In order to fulfil this in tracking mode we need to extend the observation interval or increase the code power ratio compared to the parameters used in the figure. A possible solution could he to have correlation length 1 and an observation interval of 3 symbols. Then the frequency error variance becomes 1.3 .
for small offsets in tracking mode.
VI. CONCLUSIONS
We have presented and analyzcd a new approach for synchronization in OFDM systems. The technique is very flexible and has a large frequency offset range. Offsets up to half the OFDM bandwidth can he detected in one step, instead of the common offset range equal to one or half the suh-channel spacing. The synchronization signal is achieved by correlating received samples before they are differentially detected. This makes the synchronizer less sensitive to single noise values and results in better detection properties compared to conventional synchronizers. The amount of synchronization signal is controlled by a single parameter and can he tailored to a specific application. Therefore the presented synchronizer scheme is robust and works for low signal to noise ratios. The complexity of the synchronizer is low and it is therefore suitable for implementation. even the metric can he rewritten as For I 7 2 we derive hounds for the timing metric. If L is The normalized conventional timing metric is therefore Rayleigh distributed with CDF
